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A B S T R A C T

SARS-CoV-2 infects host cells mainly through the interaction between the virus's Spike protein and the viral
receptors namely Angiotensin-Converting Enzyme 2 (ACE2) and transmembrane serine protease 2 (TMPRSS2).
Both are highly expressed in the gastrointestinal tract, in the nasal and bronchial epithelium, as well as in the type
II alveolar epithelial cells. The aim of this review is to report the evidences from the scientific literature on the
pathophysiology and the available treatments for olfactory-gustatory disorders in patients with COVID-19. The
mechanisms involved in these disorders are still unclear and studies on specific therapies are scarce. However, it
has been hypothesized that a decrease in the sensitivity of the sensory neurons as well as the co-expression of
ACE2 and TMPRSS2 in the alveolar epithelial cells are the main causes of olfactory-gustatory disorders. The
possible mechanisms described in the literature for changes in taste perception in patients with COVID-19 include
olfactory disorders and a competitive activity of COVID-19 on ACE2 receptors in the taste buds. In addition, SARS-
CoV-2 can bind to sialic acid receptors in the taste buds. In general, evidences show that there is no specific
treatment for olfactory-taste disorders induced by SARS-CoV-2, even though some treatments have been used and
have shown some promising results, such as olfactory training, intranasal application of sodium citrate and
vitamin A, as well as systemic use of omega-3 and zinc. Corticosteroids have also been used as a pharmacological
approach to treat patients with olfactory dysfunction with some contradictory results. The knowledge of the
mechanisms by which SARS-CoV-2 influences the sensory systems and how effective therapies can treat the loss of
smell and taste will have important implications on the understanding and clinical management of olfactory-taste
disorders.
1. Introduction

In the 1960s, human coronaviruses (HCoVs) were first identified in
the nasal cavities of patients with cold (Ogimi et al., 2020). Coronavi-
ruses (CoV) are a large family of viruses that cause diseases that range
from a common cold to more serious disorders such as the Middle East
Respiratory Syndrome (MERS-CoV) and the Severe Acute Respiratory
Syndrome (SARS)–CoV (Cascella et al., 2020). SARS-CoV-2 belongs to
the family of coronaviruses, which includes the pandemicMERS-CoV and
SARS-CoV as well as the lesser known but more common endemic
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coronaviruses, HCoV-OC43, HCoV-HKU1, HCoV-229E and HCoV-NL63
(Cooper et al., 2020).

The disease caused by the new coronavirus was named coronavirus-
19 disease (COVID-19) by the World Health Organization (WHO) in
February 2020 (Keyhan et al., 2020). WHO has registered 126,697,603
confirmed cases of COVID-19 worldwide with 2,776,175 deaths in 223
countries as of March 29, 2021 (WHO, 2021).

COVID-19 is an infectious disease that varies from mild to more se-
vere respiratory disorders, with common respiratory manifestations such
as dry cough, fever, dyspnoea, arthralgia and malaise (Villalba et al.,
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2020). Less common symptoms such as nausea, vomiting, diarrhea and
abdominal pain might occur (Song et al., 2020) and, in several countries,
many infected people have reported taste and smell dysfunctions (Lovato
et al., 2020).

An observational study with more than twomillion participants found
that loss of smell and taste is more predictive than all other symptoms,
including fatigue, fever or cough (Menni et al., 2020). A systematic re-
view involving 6 studies and 1457 infected patients revealed that 60%
had loss of smell and 56% had loss of taste, whose beginning of symptoms
appeared before the common signs and symptoms of COVID-19 (Costa
et al., 2020). The presence of anosmia or ageusia may be useful as a red
flag for COVID-19. The loss of sense of smell or taste substantially in-
creases the likelihood of COVID-19 infection. For instance, in a popula-
tion in which 2% of the people have COVID-19, the loss of smell or taste
would increase a persons' likelihood of having COVID-19 to 8% (Struyf
et al., 2020).

Several evidences regarding potential treatments for post-viral
morbidity have been reported, but few studies have exclusively investi-
gated olfactory and gustatory loss following COVID-19 infection. Most of
trials include a very small number of patients and the majority lacks
blinding, randomisation and a control group. In addition, the rates of
improvement after treatment are usually no greater than the reported
rates of spontaneous improvement (Vaira et al., 2020b). The aim of this
review is to clarify with evidence from the scientific literature the
pathophysiology of olfactory-gustatory disorders from COVID-19 infec-
tion as well as to discuss potential therapies for anosmia and ageusia.

2. Pathophysiology of SARS-CoV-2 infection

SARS-CoV-2 enters the cell mainly through the interaction between
the virus's Spike protein (protein S) and the Angiotensin-Converting
Enzyme 2 (ACE2) receptor in the target cells (Walls et al., 2020; Zhou
et al., 2020). In addition, the virus uses the transmembrane serine pro-
tease 2 (TMPRSS2) for the priming of protein S, implying the cleavage of
the S1/S2 site. This process allows the fusion of viral and cellular
membranes, a process conducted by the S2 subunit leading the virus to
fuse with respiratory epithelia on the cell surface by binding to ACE2
(Hoffmann et al., 2020).

The dissemblance between SARS-CoV and SARS-CoV-2 in respect to
their impacts on chemosensory systems may be related to biophysical
differences as SARS-CoV-2 binds to ACE2 with greater affinity than does
SARS-CoV (Walls et al., 2020). The pathogenesis of SARS-CoV-2 in most
cases is similar to that of other respiratory viruses. Thus, most of the cases
of COVID-19 reported in the literature are mild cases of upper respiratory
tract infection. Studies that conducted virological analysis concluded that
the greatest viral replication occurs in the upper respiratory tract on the
fourth day of infection (Ylikoski et al., 2020).

Primary sites of SARS-CoV-2 infection are lungs and gastrointestinal
tract, however. SARS-CoV-2 also affects multiple organ systems with
major targets being the heart and kidneys (Trougakos et al., 2021). A
systematic review involving 198 individual cases of COVID-19, in which
pathological findings were reviewed, has revealed that in addition to the
lungs, SARS-CoV-2 was detected in several other organs, including heart,
liver, kidneys, gastrointestinal tract, spleen, lymph nodes, skin and
placenta (Polak et al., 2020).

More recently, it was found that furin protease is also involved in the
infection process as SARS-CoV-2 contains a site for furin cleavage in the S
protein and that the cellular receptor neuropilin-1 (NRP1, binds to furin-
cleaved substrates) potentiates SARS-CoV-2 infectivity also providing a
pathway into the central nervous system (CNS). The two main infection
pathways are the hematogenous and the neuronal, with the olfactory
route (where nasal cell express high levels of ACE2), along with the
lymphatic tissue and the cerebrospinal fluid play a significant role in
SARS-CoV-2 neuroinvasion (Trougakos et al., 2021).

In humans, the mechanisms of possible viral transport via the olfac-
tory nerve and subsequent spread in the CNS are poorly understood.
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SARS-CoV-2 seems to enter the CNS via the olfactory or trigeminal route.
Initially, the CNS infection or inflammation could be relatively mild and
cause olfactory damage (Ylikoski et al., 2020). The pathophysiology of
anosmia associated with COVID-19 is still under debate and several
mechanisms have been proposed. One hypothesis is that it can result
from the obstruction of the olfactory clefts, thus preventing the activation
of sensory neurons in the olfactory epithelium (Tham et al., 2020). Other
mechanisms have been proposed to explain the loss of taste caused by
SARS-CoV-2 such as the occupation of sialic acid receptors by the virus
which results in the degradation of taste particles (Vaira et al.,
2020a).(Figure 1).

3. Effect of COVID-19 on smell

Some studies suggest that viruses such as rhinovirus, parainfluenza,
Epstein Barr and SARS-CoV-2 can cause olfactory dysfunctions by
mechanisms other than nasal obstruction, which may involve specific
tropism of these viruses by structures of the sensory olfactory epithelium
(Corbellini et al., 2020). Zayet and colleagues compared the clinical
characteristics of COVID-19 with those of influenza and found a higher
prevalence of anosmia (53 vs. 17%) and dysgeusia (49 vs. 20%) in pa-
tients with COVID-19 (Zayet et al., 2020).

COVID-19 has been associated with temporary olfactory loss in a
large proportion of infected patients (Klopfenstein et al., 2020; Moein
et al., 2020; Lechien et al., 2020; Costa et al., 2020). A study conducted
by the Global Consortium for Chemosensory Research (GCCR) with 4039
participants from 41 different countries showed that 89% of the patients
reported loss of smell at some degree (Parma et al., 2020). Similarly,
Lechien et al. found that 81.6% of the infected patients reported total loss
of smell while 18.4% reported partial loss. In addition, a total of 328
patients (24.5%) had not yet recovered their sense of smell even 60 days
after the onset of the dysfunction (Lechien et al., 2021).

Boscolo-Rizzo et al. (2021) carried out a prospective study with 183
patients that tested positive for SARS-CoV-2 and had mild to moderate
symptoms. The study investigated the prevalence of olfactory dysfunc-
tion during 6 months with 18% of the subjects describing altered sense of
smell or taste. After 6 months, 85 (77.3%) subjects self-reported a com-
plete resolution of these symptoms, whereas 22 (20.0%) reported a
relative improvement and only 3 subjects (2.7%) informed that the
symptoms had worsened or remained unchanged.

The importance of studies that demonstrate that patients affected by
COVID-19 can persist with decreased sense of smell or total loss for 6
months after infection lies in the fact that potential treatments for their
complete recovery need to be investigated. Two other studies reveal that
some patients infected with SARS-CoV-2 reported persisting parosmia for
6 months after the onset of the disease (Hopkins et al., 2021; Berlich
et al., 2021). The first study showed a prevalence of parosmia in 43% of
the patients with an average duration of 2.5 months (Hopkins et al.,
2021). In the second one, five patients (21.7%) out of twenty-three that
had been diagnosed with hyposmia still suffered from impaired chemo-
sensory function 6 months after initial diagnosis (Berlich et al., 2021).

The mechanisms involved in the olfactory dysfunctions in those with
COVID-19 are still uncertain. One of the hypotheses is based on the
ability of SARS-CoV-2 virus to cross the blood-brain barrier and enters
the brain, or that the virus probably reaches the brain via a hematoge-
nous route (Garg et al., 2020). On the other hand, the route of entry of the
coronavirus into the brain might be through: 1- the olfactory nerves; 2-
the cribriform plaque or 3- the peripheral trigeminal. The latter phe-
nomenon can compromise the trigeminal and olfactory nerve resulting in
dysosmia and dysgeusia (Natoli et al., 2020; Keyhan et al., 2020; Li,
2020). (Figure 2).

In addition, another possible mechanism is through a decrease in the
sensitivity of the sensory neuron reflexes (Keyhan et al., 2020). However,
four recently published studies (Brann et al., 2020; Chen et al., 2020;
Fodoulian et al., 2020; Ziegler et al., 2020) investigated the cells in the
olfactory epithelium that express ACE2 and other genes of viral entry and



Figure 1. Possible mechanisms involved in the olfactory dysfunction (anosmia) in patients with COVID-19. After contact with droplets containing viral particles from
an infected patient, the virus penetrates the nasal cavity reaching the receptors for smell and the olfactory nerve, which characterizes the transneural pathway. On the
other hand, the virus might reach these structures through the hematogenous route or by breaking the blood-brain barrier.

Figure 2. Olfactory afferent pathway. The odorous particles enters the nasal cavity and directly stimulate the cilium of the olfactory receptors that connect the nerve
fibers of the olfactory bulb, leading the stimulus to the center of smell and taste.
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concluded that olfactory sensory neurons do not express ACE2. In
contrast, the coexpression of ACE2 and TMPRSS2 has been observed in
key support cells (including sustaining cells, Bowman's gland and
microvillary cells) and in stem cells that repopulate the epithelium after
damage (Brann et al., 2020).

There may be other ways in which COVID-19 induces anosmia. A
study conducted by Cazzolla et al. showed that anosmia and ageusia
happen simultaneously with the increase in the levels of interleukin-6
(IL-6), an important pro-inflammatory cytokine (Cazzolla et al., 2020).
This hypothesis is supported by Tham et al. who stated that the inflam-
matory cytokine environment in the nasal cavity can potentially affect
olfactory neuronal function, as in chronic rhinosinusitis (Tham et al.,
2020). (Figure 3).
3

Some studies have reported inflammatory damage to the olfactory
epithelium after SARS-CoV-2 infection. https://www.th
elancet.com/journals/lancet/article/PIIS0140-6736(20)31525-7
/fulltextKirschenbaum et al. (2020) reported two cases of olfactory
neuropathy in patients with severe acute SARS-CoV-2 infection, with one
of the patients reporting anosmia. The authors concluded that it is un-
certain whether the inflammatory neuropathy resulted from direct viral
damage or was mediated by damage to supporting non-neural cells
(Kirschenbaum et al., 2020). A case report has demonstrated significant
disruption of the olfactory epithelium in the biopsy performed on a pa-
tient with persisting anosmia for more than three months after infection.
Thus, they pointed out that histopathological findings suggest that failure
of epithelial repair leads to thinning and loss of the olfactory dendrites

https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(20)31525-7/fulltext
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Figure 3. Mechanisms involved in anosmia and ageusia: 1- Direct action of the virus and inflammatory reaction mediated by interleukin-6 in olfactory receptors
resulting in impaired sense of smell (above). 2- Occupation of sialic acid receptors by the virus itself, accelerating the degradation of taste buds (below).
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and that disruption and desquamation of the olfactory epithelium is the
underlying mechanism in COVID-19 related olfactory dysfunction (Vaira
et al., 2020a).

4. Effects of COVID-19 on the taste

The study conducted by GCCR found that 76% of the participants
reported loss of taste and 46% had reduced chemesthesia (detection of
chemicals that evoke tingling and burning sensations), indicating that
chemosensory impairment is not restricted to smell (Parma et al., 2020).

One possible reason for the acquired ageusia is that the ability to
perceive flavors in patients with COVID-19 is affected by the concomitant
presence of olfactory disorders, due to the intimate functioning between
these two chemosensory systems (Small and Prescott, 2005). However,
previous reports have shown that gustatory dysfunctions are always more
frequent than olfactory ones and occur alone in 10.2–22.5% of patients
(Vaira et al., 2020b; Yan et al., 2020a).

Another explanation for the acquired ageusia may be associated with
a competitive activity of SARS-CoV-2 on ACE2 receptors in the taste buds
(Vaira et al., 2020c; Tsuruoka et al., 2005). In fact, Xu and collaborators
investigated the expression of ACE2 in the oral cavity and found that
ACE2 receptors are expressed diffusely between the different locations of
the oral cavity, being particularly greater in the tongue than in the oral
and gingival tissues. These findings suggest that the mucosa of the oral
cavity may be a route of potentially high risk of COVID-19 infection (Xu
et al., 2020).

In Rhesus monkeys, salivary glands have been identified as primary
targets for SARS-CoV-2 RNA. It is presumed, therefore, that the salivary
glands in humans may present dysfunction with impaired salivary flow,
both in quality and in quantity, being the process of dysgeusia an initial
symptom in asymptomatic or oligosymptomatic patients with COVID-19
(Lozada-Nur et al., 2020).

In addition, SARS-CoV-2 can bind to sialic acid receptors, occupying
sialic acid binding sites in the taste buds and accelerating the degradation
of taste particles (Park et al., 2019; Milanetti et al., 2020; Vaira et al.,
2020c). Another hypothesis is based on the inflammatory response
pathway, which is mediated by the interaction of the virus with toll-like
receptors, resulting in apoptotic processes with atypical taste bud
4

renewal, therefore, leading to taste distortion and possible tissue hyp-
oxia. (Lozada-Nur et al., 2020). (Figure 4).

5. Therapies for smell and taste disorders caused by COVID-19
infection

It has been reported that patients with olfactory and gustatory dis-
orders may recover from 15 to 20 days after the onset of the disease
(Tsuruoka, 2005), which means that those patients who are affected by
olfactory disorders and spontaneously improve their oflatory condition
may not need specific treatment. However, it may be necessary to
consider some therapy when the smell and/or taste disorder persists for
more than two weeks (Whitcroft and Hummel, 2020). The treatments
based on evidence found in the literature are as follow:

5.1. Olfactory training

Although neuroplasticity plays a crucial role, the molecular and
cellular mechanisms behind the beneficial effects of olfactory training
still remain uncertain (Reichert and Sch€opf, 2018). Despite this, olfactory
training is considered the only current therapeutic alternative for
post-viral olfactory loss that has a strong scientific base (Hummel et al.,
2016). Meta-analyses have demonstrated that this training improves ol-
factory function after post-infectious olfactory disorder (PIOD) (Pekala
et al., 2016; Sorokowska et al., 2017; Kattar et al., 2021). Phenyl ethyl
alcohol, eucalyptol, citronella and eugenol are four of the six most sig-
nificant odor qualities in the olfactory spectrum which have improved
olfactory loss after training for 12 weeks or more (Addison et al., 2021).

A pioneering study of modified olfactory training (MOT) carried out
by Altundag et al. was able to demonstrate better discrimination and odor
identification in patients treated with the modified technique compared
to the classic technique. In this study, four odors were used in the classic
olfactory training for 12 weeks. A second set of odors (menthol, thyme,
mandarin and jasmine) for another 12 weeks and, finally, by a third set of
odors (green tea, bergamot, rosemary and gardenia) for the final period
of 12 weeks (Altundag et al., 2015). In another study, the authors used
the gradual dilution of odorous substances in a solution of alcohol and
water, divided into groups, including citrus juices, rosemary, pepper,



Figure 4. Affection of the taste buds leading to ageusia. Viruses bind to sialic acid receptors located on the taste buds, causing inflammation and edema with further
degradation and apoptosis of the taste receptors. In addition, it is believed that there is a reduction in salivary flow which may distort the sense of taste and/or ageusia.
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sage, neutral soaps, wine or vinegar, chocolate, coffee and camphoric
substances. In addition, taste function was also assessed using coffee and
more bitter substances with salt and sugar with the purpose of assessing
whether there would be an improvement in smell and taste. The
conclusion was that there was recovery in a relatively short time when
applying this systematic sensory training (Petrocelli et al., 2020).

Whitcroft and Hummel recommend olfactory training with rose,
lemon and eucalyptus for 20 s each, twice a day for at least 3 months as a
treatment for persistent anosmia associated with COVID-19 (Whitcroft
and Hummel, 2020). Walker and colleagues claim that despite the evi-
dence being not sufficient, a systematic review supports the use of ol-
factory training for all patients with loss of smell, as it has confirmed its
utility in recovering sensorineural loss of smell (Walker et al., 2020).
Likewise, the British Rhinological Society (BRS) consensus and
evidence-based review conducted by Hura et al. recommend this olfac-
tory training for patients who complain of hyposmia or anosmia for more
than 2 weeks (Hopkins et al., 2021b; Hura et al., 2020).
5.2. Caffeine

Hosseini and colleagues have reported that caffeine enhanced the
sense of smell and taste in people with COVID-19. The lowest recovery
rate was related to patients with comorbidities such as diabetes, hyper-
tension and heart disease, while people who did not have underlying
diseases recovered more quickly after consuming coffee. The effective-
ness of coffee has been reported in 5–7 h for outpatients and between 2
and 4 days for patients with comorbidities (Hosseini et al., 2020).

The use of coffee as an olfactory rehabilitation strategy in anosmia has
been adopted in the perspective of using different odors, such as herbs,
ginger, mint, coffee and lemon colony to help the patient identifying the
different odors as well as their intensity (Altundag et al., 2020).

In a case study, a patient was urged to undergo an olfactory training
process that involved inhaling different containers containing coffee,
cinnamon, cloves and lavender for 10 min each day from the 14th day of
symptoms, in addition to the consumption of complex B vitamins. The
results showed full olfaction recovery on the 30th day of treatment (Altin
et al., 2020).
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The use of caffeine for this purpose is based on its affinity for aden-
osine A2a receptors. Caffeine antagonizes adenosine A2a receptors in the
olfactory bulb, which is one of the main regions affected by SARS-CoV-2.
Stafford and Orgill (2020) describe previous studies that investigated the
effects of caffeine in inhalation tests based on the classification of par-
ticipants according to identified feelings and emotions. They did not
identify a greater role in the olfactory function, with positive results
(identification of an odorous threshold) for caffeine users, presenting
more pronounced effects on more attention and vigilance. Such studies
suggest that the beneficial effects of caffeine may be greater in older
subjects, as well as in regular caffeine users. In this perspective, A2a
adenosine receptors may participate in the process of deficit in odor
function and may be temporarily reversed by the antagonism action of
caffeine in these receptors. This is reflected in the increased transmission
of neurotransmitters such as dopamine, norepinephrine and glutamate in
brain areas responsible for cognitive function (Stafford e Orgill, 2020).
5.3. Corticosteroids

Corticosteroids have been used as a pharmacological approach to
treat patients with olfactory dysfunction, especially upper respiratory
infections such as chronic rhinosinusitis (Scangas and Bleier, 2017).
Corticosteroids have also been used to eliminate inflammatory compo-
nents in patients with post-infectious olfactory dysfunction - PIOD
(Whitcroft and Hummel, 2019). However, although its use often im-
proves smell sensation, this effect usually disappears after treatment
ceases (Rebholz et al., 2020).

Although there is no conclusive data on the use of corticosteroids for
post-COVID patients with PIOD, robust evidence is available that points
to the effectiveness of these drugs in patients with severe respiratory
distress syndrome who require mechanical ventilation, as their anti-
inflammatory activity improves the cytokine storm and reduces inflam-
mation in the respiratory system (Addison et al., 2021). A randomized
clinical trial compared the use of nasal spray of the corticosteroid
mometasone furoate with the use of olfactory training in 100 post-COVID
patients with PIOD. The results showed that usingmometasone furoate as
nasal spray in post-COVID-19 patients with anosmia offered no superior
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benefits over the olfactory training, regarding smell scores, duration of
anosmia and recovery rates (Abdelalim et al., 2021).

On the other hand, other studies have demonstrated some benefits
with the use of corticosteroids in post-COVID patients with PIOD. A pilot
study with 72 patients with COVID-19 reported that 27 (37.5%) of these
patients showed persistent dysosmia. The authors investigated the effi-
cacy and safety of oral corticosteroids together with olfactory training
and concluded that the combination of corticosteroids with olfactory
training is safe and can be beneficial for helping patients with persistent
dysosmia to recover from olfactory loss due to infection by SARS-CoV-2
(Le Bon et al., 2021).

Vaira et al. (2021) conducted a multicentre randomized case-control
study involving 18 patients with COVID-19 that reported anosmia or
severe hyposmia for more than 30 days from which 9 received systemic
prednisone and nasal irrigation with betamethasone, ambroxol and rhi-
nazine for 15 days. The conclusion was that the association of drugs
including corticosteroids could represent a useful specific therapy to
reduce the prevalence of anosmia or severe hyposmia (Vaira et al., 2021).

The BRS consensus recommends the use of corticosteroids as nasal
spray in patients with loss of smell for more than 2 weeks associated with
nasal symptoms, but does not recommend the use of oral corticosteroids
(Hopkins et al., 2021b). Hura et al. claim that insufficient evidence on the
effectiveness of systemic corticosteroid therapy in addition to its risks
and side effects might not justify its use in patients with PIOD. Even
considering the minimal harm involved in the topical application of
corticosteroids, the heterogeneous data available makes their use chal-
lenging (Hura et al., 2020).

Thus, it seems likely to conclude that patients infected with SARS-
CoV-2 who have anosmia should avoid oral or topical corticosteroids
as there is no robust evidence to demonstrate clear benefits over their
potential risks (Addison et al., 2021).

5.4. Zinc sulfate

Previous reports suggest that zinc deficiency can cause dysfunction in
smell and taste (Komai et al., 2000). It has been suggested that the drop in
the nasal levels of zinc may induce transient anosmia due to the
decreased activity of zinc-dependent carbonic anhydrase (CA) that is
involved in the taste and smell perception. In addition, people with zinc
deficiency at baseline may experience prolonged anosmia and a decrease
in the type 1 interferon response (Equils et al., 2021). Thus, zinc intake
positively regulates the production of alpha interferon, which improves
its antiviral activity. Moreover, RNA polymerase activity is partially
inhibited by zinc (te Velthuis et al., 2010).

Studies using zinc sulfate have not reported a statistically significant
improvement in post-treatment olfactory function, especially in PIOD
(Aiba et al., 1998; Mori et al., 1998; Addison et al., 2021). On the other
hand, a clinical trial showed that daily intake of 20 mg of zinc sulfate for
5 months was able to reduce the morbidity of lower respiratory tract
infection compared to placebo (Malik et al., 2014). Another clinical trial
involving patients with COVID-19 who received zinc therapy showed a
significantly less olfactory recovery time, indicating that there may be
benefits in the zinc supplementation for anosmia therapy (Abdelmaksoud
et al., 2021).

However, Hura et al. stated that there was a preponderance of risks
over the benefits of using zinc sulfate for PIOD and that no study has
shown improved olfactory outcomes after its use (Hura et al., 2020).

5.5. Vitamin A

Although the mechanism and degree of regeneration of the olfactory
epithelium and the olfactory bulb in humans are not entirely clear, it is
well known that certain signaling pathways are necessary. Retinoic acid
(RA), which is a metabolite of vitamin A and a member of the thyroid
hormone superfamily, is an important transcriptional regulator in tissue
development and regeneration (Balmer and Blomhoff, 2002). Vitamin A
6

can promote olfactory neurogenesis due to its ability to regenerate the
olfactory neuroepithelium (Whitcroft e Hummel, 2019; Yan et al., 2020a;
Addison et al., 2021).

A retrospective cohort study reported an improvement in smell
function in patients with PIOD and post-traumatic olfactory loss in which
33% recovered after treatment with 10,000 IU of intranasal vitamin A
compared to 23% of the control group. The administration of intranasal
vitamin A in addition to olfactory training resulted in greater rates of
improvement compared with olfactory training alone (Hummel et al.,
2017). On the other hand, in a randomized, double-blind, placebo-con-
trolled clinical trial that evaluated oral administration of vitamin A 10,
000 IU per day for 3 months in patients with PIOD showed no statistically
difference between the treatment and control groups (Reden et al.,
2012). Due to this lack of difference in randomized controlled trials, Hura
et al. do not recommend treating PIODwith vitamin A (Hura et al., 2020).

5.6. Alpha-lipoic acid (ALA)

Torabi and colleagues found higher levels of the proinflammatory
cytokine TNF-α in the olfactory epithelium in patients with COVID-19,
suggesting that direct inflammation of the olfactory epithelium may
play a role in the acute olfactory loss (Torabi et al., 2020). According to
previous reports, alpha-lipoic acid (ALA) may decrease ACE2 activity
after SARS-CoV-2 replication and rmight reduce NADPH oxidase activity,
leading to suppression of expression of inflammatory cytokines (Sayiner
et al., 2020).

In a prospective uncontrolled study, 23 patients with PIOD were
treated with 600 mg/day of ALA for an average of 4–5 months in which a
moderate improvement in smell was observed in 61% of the participants
(Hummel et al., 2002). However, its use may be associated with neuro-
logical side effects including headache, dizziness and confusion, which
can be difficult to associate with its use due to similarities with COVID-19
manifestations (Vaira et al., 2020d). In the consensus of the British
Rhinological Society (BRS) ALA is not recommended for a patient with
loss of smell (LOS) as isolated symptom for more than 2 weeks or
following resolution of any other COVID-19 symptoms (Hopkins et al.,
2021b).

5.7. Intranasal sodium citrate

The cascade of olfactory receptor transduction can be modulated
using intranasal sodium citrate (Whitcroft and Hummel, 2019; Yan et al.,
2020a). Whitcroft and colleagues conducted a prospective
placebo-controlled trial of sodium citrate versus sodium chloride treat-
ment for patients with olfactory loss. The results showed improvement in
olfactory threshold (Whitcroft et al., 2016). Another prospective study
composed exclusively of patients with post-viral olfactory dysfunction
(PVOD) showed significant improvement in the compound threshold and
identification scores in patients treated with sodium citrate, but no
change in odor or threshold identification compared to placebo (Whit-
croft et al., 2017).

Philpott and colleagues compared a single application of 0.5 mL of 9%
sodium citrate per nostril versus sterile water in a randomized clinical
trial involving 55 patients in which they found a statistically significant
improvement in olfactory function using olfactory thresholds for phenyl
ethyl alcohol, 1-butanol and eucalyptol with thresholds measured up to 2
h after the intervention, showing an effect that lasts between 30 and 120
min after application. The sodium citrate solution administered to the
nose binds to the free calcium ions in the nasal mucus, thereby reducing
the available calcium in the mucosa (Philpott et al., 2017).

In all of the aforementioned studies, the sodium citrate spray was well
tolerated with side effects that included transient rhinorrhea, sore throat
and nasal obstruction. However, more robust data are needed with
clinically relevant results in the long term, as the current evidence is not
sufficient to justify the recommendation of this treatment (Hura et al.,
2020).
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5.8. Theophylline

A comprehensive study involving patients with loss of smell and taste
has determined that the levels of cyclic adenosine monophosphate
(cAMP) and cyclic guanosine monophosphate (cGMP) in saliva (Henkin
et al., 2007; Henkin and Velicu, 2009) and nasal mucus (Henkin and
Velicu, 2008) were lower than those in healthy individuals. Such low
levels of cAMP and cGMP seem to be responsible for the occurrence of
hyposmia and hypogeusia in many of these patients (Henkin and Velicu,
2012a, 2012b). Theophylline is suggested to inhibit phosphodiesterase
and increase secondary messengers, such as cAMP and cGMP, therefore
assisting in the regeneration of the olfactory neuroepithelium (Henkin
et al., 2009, 2011).

A study conducted by Henkin, Schultz and Minnick-Poppe showed
that treatment with oral theophylline improved the acuity of taste and
smell in 6 patients after 2–12 months of treatment (Henkin et al., 2012).
However, the effectiveness of oral theophylline depends on the dose,
requiring 200 mg–800 mg of the drug daily for periods of 4–18 months.
Oral therapy is also limited due to its side effects (sleep and gastroin-
testinal disorders as well as tachycardia and anxiety) and interactions
with other drugs (Henkin et al., 2009, 2013). On the other hand,
improvement with the intranasal administration of this drug occurs more
quickly and does not induce any systemic side effects (Henkin and
Abdelmeguid, 2019). Besides acting on stem cells in the olfactory
epithelium, the direct administration of drugs into the nose can also
facilitate reaching the brain through bypassing the blood-brain barrier by
direct entry through the cribriform plaque (Henkin, 2011). Thus, intra-
nasal theophylline seems to influence the perception of smell and taste
through a direct action on the brain (Henkin and Abdelmeguid, 2019).
However, Hura et al. do not recommend its use as they point out the need
for RCT, since the studies using theophylline did not include a control
group (Hura et al., 2020).

5.9. Omega 3 Fatty Acids

The role of omega-3 on anti-inflammatory mechanisms has already
been extensively investigated. Omega 3 Fatty Acids (OFAs) include
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Hath-
away et al., 2020). Omega-3 supplementation was found to be protective
against olfactory loss during the recovery period after skull base surgery
and therefore, may have potential in aiding recovery after post-viral ol-
factory loss, although this has not been formally tested in post-COVID-19
patients (Yan et al., 2020b; Vaira et al., 2020d).

Saedisomeolia et al. investigated the anti-inflammatory properties of
DHA and EPA in airway epithelial cells infected with Rhinovirus. The
investigators found that DHA significantly reduced the release of IL-6 and
IP-10 from the cells infected with different strains of rhinovirus. This
could be explained by the ability of OFAs in reducing inflammation by
inhibiting arachidonic acid metabolism to eicosanoids and finally
reducing pro-inflammatory cytokines (Saedisomeolia et al., 2009).

Studies have demonstrated that systemic OFAs have some beneficial
activity in PIOD, as they may act through neuroregenerative or anti-
inflammatory mechanisms, which seems to help the olfactory nerve to
heal and may also serve as an adjuvant therapy in olfactory training
(Whitcroft and Hummel, 2019, 2020; Yan et al., 2020b). In the consensus
of BRS Omega-3 supplements are options for a patient with loss of smell
for more than 2 weeks as an isolated symptom or following resolution of
any other COVID-19 symptoms (Hopkins et al., 2021b).

6. Discussion

The prevalence of smell and taste dysfunctions in patients with SARS-
CoV-2 infection is high. The pathophysiology of these disorders is
multifactorial and few therapies have been shown to be effective in
recovering smell and taste functions after COVID-19 infection. A possible
explanation is that viral infection of the upper respiratory tract is among
7

the most common causes of olfactory dysfunction, named as post-
infectious olfactory dysfunction (PIOD) (Doty, 2019).

In addition, many studies have reported concomitant loss of smell and
taste in patients infected during the pandemic (B�en�ezit et al., 2020;
Giacomelli et al., 2020; Lechien et al., 2020). The overall prevalence of
gustatory dysfunction is lower than olfactory dysfunction. One of the
possible explanations for its lower prevalence is that the sensation of
taste involves several senses, including smell, temperature and texture of
the food. Each of these sensory components is stimulated separately to
create a unique flavor. The ability to differentiate flavors depends on
retronasal stimulation and, because it depends on separate stimuli, it
becomes less frequent than anosmia. The main cause of the latter is the
direct damage that SARS-CoV-2 causes in olfactory receptor neurons
located in the olfactory epithelium (Kanjanaumporn et al., 2020; Butowt
and Bartheld, 2020). This mechanism is supported by the abundant
expression of the two entry proteins, ACE2 and TMPRSS2, in sustentac-
ular cells in the olfactory epithelium (Butowt e Bartheld, 2020).

Previous reports have suggested that most patients will achieve smell
and taste recovery up to 14 days after resolving the disease (Tanasa et al.,
2020). The benefits of the available treatments for anosmia associated
with SARS-CoV-2 remain unknown, although treatments aimed at
post-COVID PIOD seem to be more effective (Whitcroft and Hummel.,
2020). There is no therapeutic regimen for ageusia (Tanasa et al., 2020).
However, a study found that the most prescribed treatments for infected
patients with loss of smell and taste were nasal saline irrigations, nasal
and oral corticosteroids, l-carnitine, trace elements and vitamins
(Lechien et al., 2020).

The members of the Clinical Olfactory Working Group agree that the
most recommended treatment for anosmia is the olfactory training
(Addison et al., 2021). This treatment is based on a series of olfactory
stimuli that triggers the regeneration of olfactory receptor neurons
(Altundag et al., 2020). Previous reports have suggested that repeated
short-term exposure to different odors may result in increased growth of
olfactory receptor neurons and increased olfactory receptor expression
(Youngentob e Kent, 1995; Hudson e Distel, 1998).

Another study showed that both anosmic and healthy control groups
initially use the same three networks to process chemosensory input: the
olfactory, the somatosensory and the integrative network. However, the
sensitivity to detect odors increased significantly in the anosmic group
after olfactory training, which also manifested itself in changes in the
functional connections in the three networks. Therefore, the results of
this study indicated that an olfactory training program can reorganize
functional networks. Based on these findings, the high functional plas-
ticity of the olfactory systemmay be the main reason for the effectiveness
of the olfactory training (Kollndorfer et al., 2015).

Corticosteroids have a very important role in the management of
patients with SARS-CoV-2 who need mechanical ventilation, especially
for their anti-inflammatory activity (Carrillo-Larco and Altez-Fernandez,
2020). In addition, they can be effective in relieving the symptoms of
anosmia and dysgeusia, as some studies argue that systemic corticoste-
roids can improve smell function in PIOD (Seo et al., 2009; Kanja-
naumporn et al., 2020). Singh et al. revealed that the use of fluticasone
and triamcinolone significantly enhanced the smell and taste. The study
showed that olfactory and gustatory functions improved significantly in
patients with COVID-19. For all cases of anosmia and dysgeusia who
received nasal spray of fluticasone and oral triamcinolone, the recovery
of sense of smell and taste occurred in one week (Singh et al., 2021). On
the other hand, Abdelalim and colleagues suggested that the use of nasal
spray of mometasone furoate in the treatment of post-COVID-19 anosmia
was not superior when compared to olfactory training (Abdelalim et al.,
2021). The interpretation of corticosteroids efficacy should be carefully
evaluated because partial or complete spontaneous recovery occurs in
about one-third of the patients within a year after infection (Kanja-
naumporn et al., 2020; Daramola e Becker, 2015).

With regard to other therapeutic options, Panagiotopoulos et al.
suggested that the intranasal application of sodium citrate might improve
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hyposmia by decreasing the levels of calcium in the mucus in the nose
(Panagiotopoulos et al., 2005). Intranasal sodium citrate, due to its
ability to sequester calcium ions, is believed to reduce mucosal free
calcium with reduced negative feedback and increased sensitivity to
odorants. The reduction in free calcium ions (Ca2þ) is likely to increase
the excitability of olfactory neurons, thereby improving the sense of
smell (Addison et al., 2021).

In addition, studies indicate that theophylline, used by oral and
intranasal routes, improves patients' sense of smell and taste, probably
due to the inhibition of phosphodiesterase and increased levels of cAMP
and cGMP, which may result in regeneration of the olfactory neuro-
epithelium (Henkin et al., 2009, 2011, 2012). Finally, some evidence on
the positive effects of vitamin A and alpha lipoic acid (ALA) on improving
smell and taste dysfunctions was reported in this current review. Possible
mechanisms involved with sensory recovery after these treatments are
the stimulation of the expression of nerve growth factors, substance P and
neuropeptide Y by ALA and the regeneration of olfactory neuro-
epithelium by vitamin A (Addison et al., 2021).

7. Conclusion

The prevalence of olfactory and/or gustatory dysfunction is high in
patients with COVID-19 in which the presence of anosmia and ageusia
are symptoms associated with SARS-CoV-2 infection. Pathological
mechanisms are multifactorial, but most likely as a result of primary
infection of non-neuronal olfactory epithelial cell types leading to ol-
factory neuron injuries.

There is no specific therapeutic regime for ageusia and some of the
treatments discussed in this review lack robust evidence and are not
readily available for clinical use. Although some treatment options have
shown some promise, such as olfactory training, oral or topical cortico-
steroids, vitamin A and sodium citrate. This review points to the need for
randomized clinical trials to prove the effectiveness of these therapies in
post-COVID PIOD.
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